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Netrin is an evolutionarily conserved axon guidance molecule that has both axonal attraction and repulsion activities. In Caenorhabditis
elegans, Netrin/UNC-6 is secreted by ventral cells, attracting some axons ventrally and repelling some axons, which extend dorsally. One axon
guided by UNC-6 is that of the HSN neuron. The axon guidance process for HSN neurons is complex, consisting of ventral growth, dorsal growth,
branching, second ventral growth, fasciculation with ventral nerve cords, and then anterior growth. The vulval precursor cells (VPC) and the PVP
and PVQ neurons are required for the HSN axon guidance; however, the molecular mechanisms involved are completely unknown. In this study,
we found that the VPC strongly expressed UNC-6 during HSN axon growth. Silencing of UNC-6 expression in only the VPC, using a novel
tissue-specific RNAi technique, resulted in abnormal HSN axon guidance. The expression of Netrin/UNC-6 by only the VPC in unc-6 null
mutants partially rescued the HSN ventral axon guidance. Furthermore, the expression of Netrin/UNC-6 by the VPC and the ventral nerve cord
(VNC) in unc-6 null mutants restored the complex HSN axon guidance. These results suggest that UNC-6 expressed by the VPC and the VNC
cooperatively regulates the complex HSN axon guidance.
© 2007 Elsevier Inc. All rights reserved.Keywords: Caenorhabditis elegans; Axon guidance; Netrin; VulvaIntroduction
A variety of axon guidance molecules and their receptors
play important roles during the development of the nervous
system (Tessier-Lavigne and Goodman, 1996; Yu and Barg-
mann, 2001; Dickson, 2002). Axon guidance molecules provide
the information that causes neurons to elongate their axons in
the appropriate direction. Thus, the proper localization of the
axon guidance molecules and their receptors is required for the
construction of the complex nervous system.
Netrin is an evolutionarily conserved axon guidance mole-
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UNC-6 of Caenorhabditis elegans is a member of the Netrin
family (Ishii et al., 1992). During development, UNC-6 is
expressed in ventral cells (Wadsworth et al., 1996). It attracts
some axons ventrally and repels some axons, which extend
dorsally (Hedgecock et al., 1990; McIntire et al., 1992;
Wadsworth, 2002). It is thought that UNC-6 establishes a
concentration gradient from the ventral to the dorsal side of the
animal (Wadsworth, 2002).
One of the neurons whose axon is guided by UNC-6 is the
HSN neuron. The HSN neurons (HSNL and HSNR) of C.
elegans are motor neurons required for egg-laying, and their cell
bodies are located in the lateral region just posterior to the
vulva. Based on the HSN morphology at the adult stage (White
et al., 1986; Desai et al., 1988, Garriga et al., 1993), HSN axon
guidance has been proposed to occur by the following sequence
of events. First, the HSN axon grows ventrally towards the
ventral nerve cords (VNC), and it then fasciculates with the
Table 1
A Venus::unc-6 transgene rescues unc-6 phenotypes
unc-6(ev400) ghls8; unc-6(ev400)
Movement Unc WT a
HSN guidance b 90% 0%
DTC migration c Anterior 46% 0%
Posterior 76% 0%
a All worms display wild type movements.
b % Abnormal. Scored as described in Fig. 4. N=100.
c % Abnormal. DTC which does not migrate dorsally is scored as Abnormal.
N=100.
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dorsal–anterior direction, defasciculating from the VNC. It then
grows anteriorly, extends ventrally to VNC again, and
fasciculates with the VNC. Finally, it grows anteriorly to the
nerve ring of the head. During these processes, the axon
branches at the vulval muscles to synapse with them. Many
molecules are required for the proper development, cell
migration, and axon guidance of the HSN neurons (e.g. Desai
et al., 1988; McIntire et al., 1992).
Some cells are known to be important for the HSN axon
guidance. A laser ablation study revealed that the PVQ and PVP
neurons and the vulval precursor cells (VPC) are required for
the fasciculation of the HSN axon with the VNC, and that the
VPC are required for the first ventral growth and the dorsal
growth/defasciculation of the HSN axon (Garriga et al., 1993).
However, the molecular mechanisms by which the HSN
neurons are properly guided remain to be determined.
In this paper, we report that the VPC expressed Netrin/UNC-
6 during HSN axon guidance. Silencing of Netrin/UNC-6 in
only the VPC resulted in defects in the ventral growth, dorsal
growth, and separation of the HSN axon. In addition, the
expression of UNC-6 in the VPC and VNC in unc-6 null
mutants restored the complex HSN axon guidance. From these
experiments, we propose that UNC-6 expressed by the VPC and
the VNC cooperatively regulates the complex guidance of the
HSN axons.
Materials and methods
General methods and C. elegans strains
Worms were handled as described by Brenner (1974). A Bristol strain N2
was used as the standard wild-type strain. Strains used in this work were
CX4888[kyIs179(unc-86pgfp) IV; him-5(e1490) V], YC29[unc-6(ev400) X;
ghIs8(Venus::unc-6)], YC30[unc-6(ev400) X; ghIs9(Venus::unc-6; str-3p::
dsRed2) IV], YC31[unc-6(ev400) X; ghEx4(egl-17p::unc-6::Venus; tph-1p::
gfp)], YC32[unc-6(ev400) X; ghEx5(glr-1p::unc-6::Venus; tph-1p::gfp)],
YC33[rde-1(ne219) V; ghIs8(Venus::unc-6); ghEx6(egl-17p::rde-1::mRFP)],
YC34[rde-1(ne219) V; ghEx7(egl-17p::rde-1::mRFP; tph-1p::gfp)], YC35
[unc-6(ev400) X; ghEx8(egl-17p::unc-6::Venus; glr-1p::unc-6::Venus; tph-
1p::gfp)], YC36[lin-12(n137sd) III; ghIs9(Venus::unc-6; str-3p::dsRed2) IV],
YC37[lin-7(e1413) II; ghIs9(Venus::unc-6; str-3p::dsRed2) IV], and YC38[lin-
11(n389) I; ghIs9(Venus::unc-6; str-3p::dsRed2) IV].
Visualization of UNC-6
To visualize UNC-6 in vivo, we used Venus, a variant of a yellow fluorescent
protein (Nagai et al., 2002). Venus is resistant to both pH and chloride ions, and
has a quick maturation speed. A functional Venus::unc-6 gene (pVns::unc-6)
was based on plasmid pIM#97, which contains a functional 3xHA::unc-6 gene
(Wadsworth et al., 1996). Using PCR, the 3xHA-epitope was removed from
pIM#97, and engineered SphI and MluI sites were introduced into the region.
From pPD95.79Venus, which includes a Venus gene with synthetic introns (T.
Ishihara, personal communication), the Venus region without a stop codon was
amplified by PCR with primers engineered to add SphI andMluI sites. The PCR
fragment was then inserted into the SphI and MluI sites of the PCR-amplified
product from pIM#97. We named this plasmid pVns::unc-6, and found that it
completely rescued the Unc phenotype of unc-6(ev400) (Table 1), indicating
that the Venus::UNC-6 fusion protein functioned well.
Two transgenic strains were obtained by microinjecting the plasmid pVns::
unc-6 (30 ng/μl) with pJM23 (70 ng/μl, for dilution), or the plasmid pVns::unc-6
(5 ng/μl) with pstr-3p::dsRed2 (95 ng/μl, for detection) into the gonads of unc-6(ev400) hermaphrodites. Progeny expressing Venus::unc-6 were recognized by
their wild-type locomotion (non-Unc phenotype). From these strains containing
the extrachromosomal Venus::unc-6, the integrated alleles ghIs8 [pVns::unc-6
(30 ng/μl) with pJM23 (70 ng/μl, for dilution)] and ghIs9 [pVns::unc-6 (5 ng/μl)
with pstr-3p::dsRed2 (95 ng/μl)] were obtained by UV irradiation (Mitani,
1995).
Immunohistochemistry
Indirect immunofluorescent histochemistry was used to enhance the signal
of the Venus::UNC-6. L2–L3 worms were fixed with Bouin's fixative (Nonet et
al., 1997), and the specimens were stained with an anti-GFP antibody (SANTA
CRUZ, sc-8334) at 1:100 and an Alexa 594-conjugated anti-rabbit IgG antibody
(Invitrogen, A-11037) at 1:1000. In some experiments, the HSN neurons were
visualized by immunostaining using an anti-serotonin antibody (McIntire et al.,
1992).
Tissue-specific RNAi
The tissue-specific RNAi technique was originally developed by H. Qadota
and K. Kaibuchi (personal communication). The method is very simple: it relies
on the tissue-specific rescue of rde-1. The rde-1 mutants cannot induce RNAi at
all, since rde-1 is essential for RNAi (Tabara et al., 1999). rde-1 functions cell
autonomously; therefore, if rde-1 is expressed in only a specific tissue (for
example, in the vulval precursor cells) in rde-1 mutants, only that tissue shows
restored RNAi activity. In our analysis, we used an egl-17 promoter for the
specific expression in the vulval precursor cells (Burdine et al., 1998).
The egl-17 promoter was amplified using PCR from C. elegans genomic
DNA. The fragment containing the egl-17 promoter was then inserted into
pPD95.79Venus (pegl-17p::Venus). The rde-1 ORF amplified from yk296b10
was then inserted into the 5′ region of the Venus coding region. The Venus
coding region was replaced by the mRFP ORF (Campbell et al., 2002) (pegl-
17p::rde-1::mRFP). YC33 {rde-1(ne219); ghIs8 (pVenus::unc-6); ghEx6 [pegl-
17p::rde-1::mRFP (50 ng/μl), and pRF4(rol-6, su1006dm) (50 ng/μl)]} worms
were used for the control experiments. YC34 {rde-1(ne219); ghEx7 [pegl-17p::
rde-1::mRFP (20 ng/μl) and ptph-1p::gfp (80 ng/μl)]} worms were used for the
tissue-specific RNAi experiments.
RNAi was performed by an RNAi-feeding method (Kamath et al., 2000).
unc-6 cDNA from yk449d8 was PCR amplified and inserted into the NotI site
of a dsRNA expression vector pPD129.36 (pER-u6). The plasmid was
introduced into Escherichia coli strain HT115(DE3). L4 larvae of YC33 and
YC34 were grown on the E. coli strains expressing unc-6 dsRNA for 4 days,
and the phenotype of the F1 progeny was observed.
VNC- and VPC-specific expression of unc-6
An unc-6 ORF was amplified from yk449d8 by PCR and inserted into a
plasmid pegl-17p::Venus (pegl-17p::unc-6::Venus). The glr-1 promoter (Maricq
et al., 1995; Hart et al., 1995) was amplified using PCR from C. elegans
genomic DNA and inserted into pBluescriptII-SK(+). Then, unc-6 ORF::Venus
coding region::unc-54 3′UTR from pegl-17p::unc-6::Venus was inserted
downstream of the glr-1 promoter (pglr-1p::unc-6::Venus). Transgenic worms
were obtained by microinjecting the plasmid [pegl-17p::unc-6::Venus (10 ng/
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Venus (10 ng/μl), pJM23 (10 ng/μl), and ptph-1p::gfp (80 ng/μl), =ghEx5], and
[pegl-17p::unc-6::Venus (10 ng/μl), pglr-1p::unc-6::Venus (10 ng/μl), and ptph-
1p::gfp (80 ng/μl), =ghEx8] into the gonads of unc-6 (ev400) hermaphrodites.
The transformant strains YC31 [unc-6(ev400) X; ghEx4], YC32 [unc-6(ev400)
X; ghEx5], and YC35 [unc-6(ev400) X; ghEx8] were maintained by detecting
the TPH-1::GFP fluorescence. In wild-type animals, the glr-1 promoter drives
genes in the VNCL and VNCR; however, we found that, in unc-6(ev400)
mutants, it drove genes only in the VNCR.
Imaging analysis
The HSN axons were visualized using a kyIs179 that expressed unc-86p::
gfp (Gitai et al., 2003), by introducing the plasmid ptph-1p::gfp (Sze et al.,
2000), or by immunostaining using an anti-serotonin antibody (McIntire et al.,
1992). Each animal was mounted on a 2.5% agarose pad in M9 buffer containing
5% sodium azide and observed using a fluorescence microscope (Axioplan2,
Zeiss). Images were taken using a confocal microscope LSM510 (Zeiss).Results
Venus::UNC-6 is expressed in vulval precursor cells
We performed a detailed analysis of the Netrin/UNC-6
localization in living C. elegans to learn more about axon
guidance in this animal. For this purpose, we used a fusion
protein of UNC-6 and Venus, since Venus is resistant to
environmental changes (both pH and chloride ions) and has a
quick maturation speed (Nagai et al., 2002).
We constructed a Venus and unc-6 fusion gene and intro-
duced this transgene into unc-6 null mutants (ev400); we then
made integrated transformants. The transgene Venus::unc-6
rescued the uncoordinated movement of the unc-6 null mutants,
the axon guidance defects of HSN, and the distal tip cell
migration (Table 1). Thus, we considered the fusion protein
Venus::UNC-6 to be functional and to act like endogenous
UNC-6. To our knowledge, this is the first instance of UNC-6/
Netrin being visualized in a living animal.
The distribution pattern of Venus::UNC-6 was similar to that
seen previously using immunostaining methods (Wadsworth et
al., 1996). In the course of the study, we found that Venus::
UNC-6 was expressed in P6.p descendants (Fig. 1) and ventral
muscles (Fig. 4 arrowheads) from larval stages to adulthood.
The previous paper on UNC-6 expression in the developing C.
elegans did not include any description of UNC-6 in these cells
(Wadsworth et al., 1996). In this paper, we focused on the UNC-
6 expression by P6.p descendants.
The P6.p cell and its descendants are the primary vulval
precursor cells (Sulston and Horvitz, 1977). At the L2 stage,
when P6.p starts to divide, we could not detect Venus::UNC-6
in P6.p, P6.pa, or P6.pp (Figs. 1B and D). At the mid-late L3
stage, when the four descendants of P6.p (P6.paa, P6.pap, P6.
ppa and P6.ppp) begin to detach from the cuticles, we detected
Venus::UNC-6 in these cells (Fig. 1F). Strong Venus::UNC-6
expression was observed in the eight descendants of P6.p and
continued to the adult stage (Fig. 1H and data not shown). These
results suggested that the descendants of P6.p are a novel source
of UNC-6, and might contribute to the guidance of some axons.
The expression of the unc-6 mRNA in these cells was alsoobserved by in situ hybridization (NEXTDB, http://nematode.
lab.nig.ac.jp/db2/ShowGeneInfo.php?celk=CELK04916). In
this paper, we use “VPC” to represent all the P6.p descendants.
The HSN axonal outgrowth
The HSN neurons of C. elegans are motor neurons required
for egg-laying. We hypothesized that HSN neurons might use
UNC-6 secreted from VPC for its axon guidance, for the
following reasons. (1) The VPC are required for HSN axon
guidance (Garriga et al., 1993). (2) The HSN neurons use UNC-
6 for their ventral axon guidance (Desai et al., 1988; McIntire et
al., 1992). (3) The HSN neurons begin to extend their axons
during the larval L2 or L3 stage, when the P6.p cell divides
(Sulston and Horvitz, 1977).
To examine the importance of UNC-6 expressed by the VPC
for HSN axon guidance, we analyzed the precise timing of
HSN axon outgrowth (Fig. 2). In the two- or four-cell stages of
the VPC, the HSN axon began to grow out from the cell body
(Figs. 2A and B). At this stage, the HSN growth cone was
observed at the tip of the axon. In the late four-cell stage of the
VPC, the VPC began to detach from the cuticle. At this stage,
the HSN axon turned anteriorly (Figs. 2B and C). In our
observation, the axon did not fasciculate with the ventral nerve
cord (VNC) at all. From the late L3 stage, when vulval
morphogenesis began, the axon grew antero-dorsally, apart
from the VNC at the vulval region (Fig. 2D). The axon then
grew antero-ventrally (Fig. 2E). During vulval morphogenesis,
the axon continued to grow anteriorly, further away from the
VNC and sprouted branches at the vulval region (Fig. 2F). The
axon fasciculated with the VNC after it grew beyond the vulval
region (Fig. 2G). These results and our expression analysis of
Venus::UNC-6 indicate that the VPC expressed Venus::UNC-6
during HSN axon outgrowth.
The HSN axon grows to the VPC
To describe the first step of the HSN outgrowth in detail, we
measured the angle between the direction of HSN axonal
outgrowth and a line from the HSN cell body perpendicular to
the ventral nerve cord (Fig. 3D). Both the HSNR and HSNL
axons grew in the direction of the VPC (Fig. 3A). The cell body
of the HSNR was located just dorsal to the VPC (Fig. 3B). The
axon emerged from the cell body ventral to the VPC and the
VNC (4.44±2.35°) (Fig. 3E). On the other hand, the cell body
of the HSNL was located dorsal and posterior to the VPC (Fig.
3C). The axon of the HSNL emerged ventral and anterior to the
VPC (14.0±2.93°) (Fig. 3E). Only the HSNL axon, whose cell
body was located posterior to the VPC, emerged anteriorly.
These results were consistent with our hypothesis that UNC-6
expressed by the VPC attracts the HSN axons.
The VPC-specific RNAi of unc-6 results in HSN axon guidance
defects
To elucidate the function of the UNC-6 expressed by the
VPC for HSN axon guidance, we used a tissue-specific RNAi
Fig. 1. Expression of Venus::UNC-6 in the primary vulval precursor cells (P6.p descendants). (A, C, E, G) DIC images. (B, D, F, H) Expression of Venus::UNC-6.
(A, B) A P6.p cell. (C, D) P6.pa and P6.pp cells. (E, F) P6.paa, P6.pap, P6.ppa, and P6.ppp cells. (G, H) P6.paal, P6.papl, P6.ppal, and P6.pppl cells. All images
show the lateral view. Anterior is to the left. Arrowheads represent the positions of nuclei in the P6.p descendants. Bars represent 10 μm. (B, D) In P6.p, P6.pa, and
P6.pp, the expression of Venus::UNC-6 was not detected. (F) In the P6.p descendants at the four-cell stage, a weak expression of Venus::UNC-6 was observed. (H)
In the P6.p descendants at the eight-cell stage, a strong expression of Venus::UNC-6 was observed. In this figure, we focused on the four cells of the eight P6.p
descendants.
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communication). For our VPC-specific RNAi, we used an egl-
17 promoter (Burdine et al., 1998), and found that our VPC-
specific RNAi worked very well (Figs. 4A and B).
As we expected, the VPC-specific RNAi of unc-6 resulted in
HSN axon guidance defects (Fig. 5). These defects included
ventral growth defects (Fig. 5B), dorsal growth defects (Fig.
5C), and separation defects (Figs. 5F and G). These results
indicate that UNC-6 expressed by the VPC is essential for the
proper guidance of HSN axons. The branching pattern,
however, was identical to that of the wild-type axon, suggesting
that UNC-6 expressed by the VPC is not necessary for the
appropriate branching of the HSN axons.
Interestingly, in the animals treated with the VPC-specific
RNAi of unc-6, the axons of the HSNL neurons showed more
severe elongation defects than those of the HSNR neurons
(Figs. 5H and I). Of the HSNL axons observed, 45% had ventral
growth defects, and 22% had separation defects. In contrast,
only 7% of the HSNR neurons had the growth defects and none
showed separation defects. These differences may have resultedfrom different expression levels of UNC-6 in the VNCR and the
VNCL.
The VPC-specific expression of unc-6 restores the axon
guidance defects of HSN in unc-6 null mutants
We next examined whether the VPC- or VNC-specific
expression of unc-6 can rescue the HSN guidance defects in
unc-6(ev400) null mutants. In these rescue experiments, we
used an egl-17 promoter for VPC-specific expression (Burdine
et al., 1998), and a glr-1 promoter for VNC-specific expression
(Maricq et al., 1995; Hart et al., 1995).
unc-6(ev400) null mutants showed ventral growth defects in
90% of the HSNR axons (Figs. 6A and D). We found that the
VPC-specific expression of unc-6 rescued the ventral growth
defects of the unc-6 null mutants (to 65% defective HSNR
axons, Fig. 6D). This result suggests that the VPC can act as a
source of UNC-6 for the HSNR ventral guidance. In addition,
we found that the VNC-specific expression of unc-6 rescued
the HSNR ventral growth defects (to 40% defective, Fig. 6D).
Fig. 2. The axon outgrowth of HSN. (A–G) Z-stack images of HSNR axonal outgrowth. kyIs179[unc-86p::gfp] was used to visualize the HSNR neuron. Anterior is to
the left. Each image was obtained from a different animal. Dashed circles indicate the positions of the VPC nuclei. Large closed arrowheads indicate the vulval regions.
Small closed arrowheads indicate the VNC. Bars represent 10 μm. (A–C) and (D–F) are the same scales respectively. (A) At the two-cell stage of P6.p descendants,
some neurites began to extend from the HSN cell body (arrows). (B) When P6.p descendants were at the four-cell stage, the HSN axon (arrow) reached the VNC. (C)
At the same stage, the HSNR axon turned anteriorly (arrow). It did not fasciculate with the VNC (data not shown). (D) After this stage, the HSNR axon kept growing
anteriorly. (E) During vulval morphogenesis, the HSNR axon grew apart from the VNC at the vulval region. (F) As vulval morphogenesis proceeded, the HSNR axon
grew further away from the VNC and sprouted a branch (open arrowhead) at the vulval region. (G) HSNR morphology in the adult worm. A large arrow indicates the
place where the HSN axons fasciculated with the VNC.
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unc-6 was effective in rescuing the ventral defects (to 29%
defective, Figs. 6C and D). These results suggest that UNC-6
expressed by the VPC and the VNC cooperatively regulates
the ventral HSN axon guidance.
We found that the VNC-specific rescued worms had severe
HSNR dorsal growth defects (75% defective, Figs. 6B and D),
and the combined VPC- and VNC-specific rescued wormsFig. 3. The HSN axon grows towards the vulval precursor cells. (A–C) Z-stack image
and HSNL axons. (B) The ventral growth of the HSNR axons. (C) The ventral grow
neurons. Dashed circles indicate the positions of the VPC nuclei. Open large arrowhe
cell bodies. Dashed lines represent lines from the HSN cell bodies perpendicular
outgrowth. Small arrowheads indicate the ventral nerve cord (VNC). Anterior is to th
We measured the angle (θ) between the direction of HSN axon outgrowth (black arr
represent the mean±S.E.M. *p<0.05 (Student's t-test).showed fewer of these defects (11% defective, Figs. 6C and D).
These results suggest that UNC-6 expressed by the VPC plays
the main role in the HSNR axon's dorsal growth. We did not
find a difference in branching defects between the VNC-specific
rescued worms and the combined VPC- and VNC-specific
rescued worms (Fig. 6D), suggesting that UNC-6 from the VPC
is not necessary for this function. We did not find HSNR
separation defects in the VNC-specific rescued worms (Fig.s of the ventral growth of the HSN neurons. (A) The ventral growth of the HSNR
th of the HSNL axons. kyIs179[unc-86p::gfp] was used for visualizing the HSN
ads indicate the HSNR cell bodies. Closed large arrowheads indicate the HSNL
to the ventral nerve cord. White arrows represent the direction of HSN axon
e left. Bar represents 10 μm. (D) Schematic drawing of the angle measurement.
ow) and the line perpendicular (dashed lines) to the ventral nerve cord. (E) Data
Fig. 4. VPC-specific RNAi of unc-6. (A, B) The Z-stack images of Venus::
UNC-6. YC33[rde-1(ne219); ghIs8(Venus::unc-6); ghEx6(egl-17p::rde-1::
mRFP)] worms were used for the experiments. The vulval positions are
shown by white circles. The arrowheads indicate muscles. Bar represents 10 μm.
Auto-fluorescence was also seen in the intestine (small dots). (A) Non-RNAi
control. (B) VPC-specific RNAi of unc-6. (A) In the control worms, Venus::
UNC-6 was observed in the ventral muscles and VPC. The penetrance of the
Venus::UNC-6 expression in the VPC was 100% in YC33 (N=50). (B) In
worms treated with the VPC-specific RNAi of unc-6, the percentage of animals
having Venus::UNC-6-positive VPC was decreased to 18.7%, while the Venus::
UNC-6 expression in the ventral muscles was not affected (N=79).
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using the VPC-specific RNAi of unc-6.
Vulval mutants that have an abnormal P6.p lineage also
express Venus::UNC-6 abnormally in the VPC
Garriga et al. (1993) reported that mutants with abnormal
vulvas show HSN guidance defects. Given our findings, we
hypothesized that these phenotypes resulted from the abnormal
expression of UNC-6 in the abnormal VPC of these mutants.
Therefore, we examined the Venus::UNC-6 expression in
vulval mutants. We again found that the HSNL and HSNR
neurons had different axon-guidance phenotypes, and we pre-
cisely analyzed the HSN axon guidance defects in the vulval
mutants (Fig. 7).
As we expected, the Venus::UNC-6 expression was ab-
normal in vulval mutants that have an abnormal P6.p lineage. In
lin-11(n382) mutants, which have normal P6.p descendents and
showed very minor HSN axon-guidance defects (Figs. 7G and
H), the expression of Venus::UNC-6 was almost normal in the
VPC region (Fig. 7A). In lin-7(e1413) mutants, which have
partially abnormal P6.p descendents and showed minor HSN
guidance defects (Figs. 7G and H), the expression of Venus::
UNC-6 was low in the VPC region (Fig. 7C). In lin-12(n137sd)
mutants, which lack P6.p descendents and had severe axon-
guidance defects (Figs. 7G and H), no Venus::UNC-6 was
expressed in the VPC region (Fig. 7E). These results suggest
that the HSN guidance defects observed in the vulval mutantsresult from the disrupted expression of UNC-6 in the abnormal
VPC, and are consistent with our findings using the VPC-
specific RNAi of unc-6 (Fig 5).
Discussion
The VPC are a novel source of Netrin/UNC-6, which is
essential for the axon guidance of HSN
The HSN neurons of C. elegans require Netrin/UNC-6 for
their ventral axon guidance (Desai et al., 1988; McIntire et al.,
1992). A previous report revealed that ventral neurons express
UNC-6 (Wadsworth et al., 1996); therefore, it has been
thought that ventral neurons are the only source of UNC-6 that
attracts the HSN axons ventrally. The VPC are also known to
be required for many steps of HSN axon guidance (Garriga et
al., 1993), but the molecules involved in this process are
unknown.
In this paper, we showed that (1) the VPC expressed
Venus::UNC-6 during HSN axon outgrowth, (2) the HSN
axon grew towards the VPC, (3) VPC-specific RNAi of unc-
6 resulted in defects in many aspects of HSN axon guidance,
(4) the VPC-specific expression of unc-6 rescued the
guidance defects of unc-6 null mutants, and (5) Venus::
UNC-6 was abnormally expressed in the VPC of vulval
mutants in which HSN axon guidance defects are observed.
These results suggest that the VPC of C. elegans are a source
of UNC-6 and that UNC-6 expression in the VPC is essential
for normal HSN axon guidance. Moreover, the results fit the
idea that changing pattern of a guidance cue is important to
construct complex patterns of axonal tracts (Wadsworth et al.,
1996).
Many aspects of HSN axon guidance are attributable to the
attraction of the growing axons to UNC-6 expressed by both the
VPC and VNC. We categorized HSN axon guidance into four
components, ventral outgrowth, dorsal outgrowth, branching,
and separation, and analyzed the influence of UNC-6 and its
source of production on each (discussed below). We show our
working models in Fig. 8.
UNC-6 expressed by the VPC and VNC cooperatively promotes
HSN ventral outgrowth
First, the HSN neurons extend a single axon ventrally to the
VNC (Garriga et al., 1993; this work, Fig. 8A). We showed
UNC-6 expressed by the VPC and VNC cooperatively
promotes the ventral growth of the HSN axons.
The HSN neuron began its ventral outgrowth from the cell
body when the VPC were at the two-cell stage; however, we
could not detect any expression of Venus::UNC-6 at this stage
in the VPC. Immunostaining with an anti-GFP antibody gave
identical results (data not shown). These findings are incon-
sistent with our hypothesis. We think that the Venus::UNC-6
expression at the two-cell stage was simply too weak to be
detected in our assay. However, the weak expression may
explain why the HSN axons grow to the VNC, and not directly
to the VPC. The HSN axons are probably attracted by the higher
Fig. 5. The VPC-specific RNAi of unc-6 results in the guidance defects of HSN. (A–G) The HSN axonal morphology near the vulva. (A, D) Non-RNAi controls.
(B, C, F) The VPC-specific RNAi of unc-6. (E, G) Tracing of the HSN morphology in D and F respectively. YC34[rde-1(ne219); ghEx7(egl-17p::rde-1::mRFP;
tph-1p::gfp)] worms were used for the tissue-specific RNAi experiments. tph-1p::gfp was used for visualizing the HSN neurons. Bars represent 10 μm. Closed
arrowheads indicate vulval regions. Arrows indicate branching. Open arrowheads indicate the HSN axons. (A–C) Left lateral view, (D–G) ventral view, anterior is
to the left. (A) The normal HSN axonal morphology. (B) The ventral growth defect observed in the VPC-specific RNAi; the axon grew anteriorly, not ventrally. (C)
The dorsal growth defect observed in the VPC-specific RNAi; after ventral growth, the axon grew anteriorly, not dorsally. (D, E) Normal separation; the HSN
axons (HSNL and HSNR) ran within each side of the VNC (VNCL and VNCR). (F, G) Abnormal separation observed in the VPC-specific RNAi; the HSNL axon
abnormally entered into the VNCR. (H, I) Scoring of the HSNL and HSNR guidance defects. We defined the HSN guidance defects as follows. Ventral growth:
Axons that failed to grow ventrally to the VNC near the vulva (see B). Axons that grew anteriorly or posteriorly before the ventral growth were also scored as
abnormal. Dorsal growth: Axons that, after growing ventrally, failed to grow dorsally at the vulva (see C). Branching: Axons that failed to branch at the vulva.
Separation: Axons that failed to run in their respective sides of the VNC (see F, G). The open bars represent the non-RNAi control. The closed bars represent the
results with VPC-specific RNAi of unc-6. Numbers in parentheses indicate the number of HSN axons scored. We obtained similar results in other two transgenic
strains (Fig. S1).
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Fig. 6. The VPC-specific expression of unc-6 rescues the guidance defect of HSN in unc-6 mutants. (A–C) Z-stack images of the HSNR morphology near the vulva.
(A) unc-6(ev400). (B) The VNC-specific rescued worm. (C) The VPC- and VNC-specific rescued worm. YC31[unc-6(ev400); ghEx4(egl-17p::unc-6::Venus; tph-1p::
gfp)] worms were used for the VPC-specific rescue. YC32[unc-6(ev400); ghEx5(glr-1p::unc-6::Venus; tph-1p::gfp)] worms were used for the VNC-specific rescue.
YC35[unc-6(ev400); ghEx8(egl-17p::unc-6::Venus; glr-1p::unc-6::Venus; tph-1p::gfp)] worms were used for the VPC- and VNC-specific rescue. tph-1p::gfp was
used for visualizing the HSN neurons. Arrowheads indicate vulval regions. Bar represents 10 μm. (A) The axon grew anteriorly, not ventrally in unc-6(ev400). (B)
After ventral growth, the axon grew anteriorly, not dorsally in the VNC-specific rescued worm. (C) The normal morphology observed in the VPC- and VNC-specific
rescued worm. (D) Scoring of HSNR guidance defects. Each defect was defined as described in Fig. 5. The bars represent no rescue (closed), VPC-specific rescue
(hatched), VNC-specific rescue (open), and VPC- and VNC-specific rescue (dotted). “0” represents no defects. “n.d.” represents “not determined”. The numbers in
parentheses indicate the number of HSNR axons we scored. We obtained similar results in other two transgenic strains (Fig. S2).
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consistent with that unc-6 null mutants have more severe
defects in HSNR ventral guidance than do lin-12(n137sd)
mutants that have no VPC.
Interestingly, the ventral axon outgrowth defect for HSNL
was more severe than that for HSNR in our animals treated
with VPC-specific RNAi of unc-6 and in lin-12(n137sd)
mutants, which lack UNC-6 expression in the VPC region.
This difference was probably due to the fact that the VNCR
includes many axons that express UNC-6 while the VNCL
includes only one (PVQL) (White et al., 1986; Wadsworth et
al., 1996). Even when UNC-6 was absent from the VPC, the
HSNR axons were likely to detect a higher expression of
UNC-6 from the VNCR than the HSNL axons could from the
VNCL.
UNC-6 expressed by the VPC plays the essential role on the
dorsal outgrowth of HSN
After the ventral growth, the HSN axons grow around the
VNC and then turn dorsally (Fig. 8B). We showed that UNC-6expressed by the VPC played an essential role in HSN dorsal
growth. This dorsal turn of the HSN axons may be explained by
the timing and relative levels of UNC-6 expression by the VPC
and VNC. At this stage, the VPC were located dorsal to the
HSN axons (Fig. 8B), and had begun to express Venus::UNC-6
strongly. We think that the expression of UNC-6 in the VPC
predominates over that in the VNC to attract the HSN axons
dorsally.
UNC-6 expressed by the VPC is important for the separation of
the HSNL
After the ventral growth, the HSN axons grow along their
respective sides of the VNC (separation), without crossing the
midline (Fig. 8B). We showed that UNC-6 expressed by the
VPC was essential for this separation. In animals treated with
the VPC-specific RNAi of unc-6, a separation defect in which
the axons crossed the midline to enter the other side of the
VNC was observed only for the HSNL neuron. We think the
difference between the HSNL and HSNR neurons results
from the asymmetric expression levels of UNC-6 by the
Fig. 7. Venus::UNC-6 is abnormally expressed in the VPC of vulval mutants. (A–F) The VPC regions of vulval mutants. (A, C, E) The expression of Venus::UNC-6.
(B, D, F) DIC images. (A, B) lin-11(n389). (C, D) lin-7(e1413). (E, F) lin-12(n137sd). YC38[lin-11(n389); ghIs9(Venus::unc-6; str-3p::dsRed2)], YC37[lin-7
(e1413); ghIs9(Venus::unc-6; str-3p::dsRed2)] and YC36[lin-12(n137sd); ghIs9(Venus::unc-6; str-3p::dsRed2)] worms were used for the experiments. Open
arrowheads indicate vulval regions. Closed arrowheads represent the ventral nerve cord. Bars represent 10 μm. (A) In lin-11 (n389), the expression of Venus::UNC-6
in the VPC region was slightly diffused, but was comparable to that of wild type. (C) In lin-7 (e1413), the expression of Venus::UNC-6 in the VPC region was low. (E)
In lin-12 (n137sd), the expression of Venus::UNC-6 in the VPC region was absent. (G, H) Scoring of the HSNL and HSNR guidance defects. The HSN neuron was
visualized by immunostaining using an anti-serotonin antibody (McIntire et al., 1992). Bars represent lin-12 (n137sd) (closed), lin-7 (e1413) (hatched) and lin-11
(n389) (open). Each defect was defined as described in Fig. 5. “0” represents no defects. “n. d.” represents “not determined”. The numbers in parentheses indicate the
number of axons scored.
808 T. Asakura et al. / Developmental Biology 304 (2007) 800–810VNCR (high) and VNCL (low) (Wadsworth et al., 1996).
When UNC-6 is not expressed by the VPC, the HSNL axons
are probably attracted to the UNC-6 expressed by the VNCR,
because it is high compared with the expression by the
VNCL. The strong expression of UNC-6 from the VPC
probably normally prevents the HSNL axon from entering the
VNCR (Fig. 8B).UNC-6 expressed by VPC is not required for HSN branching
Although the VPC are required for HSN branching
(Garriga et al., 1993), our animals treated with VPC-specific
RNAi did not show more branching defects than seen in wild
type. This finding suggests that the UNC-6 expressed in the
VPC is not necessary for HSN branching. Garriga et al.
Fig. 8. Models for the axon guidance of HSN by UNC-6 expressed by the VPC
and VNC. (A, B) Schematic 3D drawings of HSN axonal outgrowth. Green
regions represent sources of UNC-6. Left lateral view. Anterior is to the left. (A)
HSN axon guidance at the two-cell stage of the VPC. For the ventral growth, the
HSN axons are co-operatively attracted by UNC-6 from the VNC (green) and
VPC (weak green). They first grow towards the VNC because of their high
expression of UNC-6 compared to that of the VPC. (B) The HSN axon guidance
at the four-cell stage of the VPC. At this stage, the VPC (green) begin to express
UNC-6 strongly, and the HSN axons became rerouted dorsally. At this stage, the
HSN axons are attracted by UNC-6 from the VPC because of their high
expression of UNC-6 compared to that of the VNC. The high expression of
UNC-6 by the VPC also works to prevent the HSNL axons from crossing the
midline.
809T. Asakura et al. / Developmental Biology 304 (2007) 800–810(1993) also reported that unc-6 is not required for HSN
branching.
The localization mechanism of Netrin/UNC-6 and its receptors
In this paper, we report the novel findings that UNC-6 is
expressed by the VPC and this expression is important for HSN
axon guidance. Adler et al. (2006) reported that UNC-6 induces
the neural asymmetry of HSN axon formation. UNC-6
expressed by the VPC may thus contribute to HSN asymmetry.
A recent study shows that the temporal expression of axon
guidance molecules explains the complex process of axon
guidance (Watanabe et al., 2006). They demonstrated that
transient Netrin 1 expression in the dorsal spinal cord is required
for the guidance of the primary sensory axons. Their analysis of
Netrin 1 mutant mice led them to propose that Netrin 1 in the
dorsal spinal cord repels transiently the primary sensory axons.
Some studies revealed molecular mechanisms regulating the
localization of Netrin/UNC-6 and its receptors. Hiramoto et al.(2000) reported that Frazzled/UNC-40/DCC re-distributes
Netrin/UNC-6 in Drosophila melanogaster. We recently
reported that UNC-51 and UNC-14 regulate UNC-5 localiza-
tion (Ogura and Goshima, 2006). However, the localization
mechanisms of axon guidance molecules and their receptors
remain largely unknown. We are currently isolating mutants in
which the localization of UNC-6 and UNC-5 is abnormal (T.
Asakura, N. Waga, H. Matsuoka, K. Ogura and Y. Goshima,
unpublished). Further studies using these mutants should
provide novel insights into axon guidance mechanisms.
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